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Abstract 
Wheat (Triticum spp.) is the most important arable crop grown in the UK, and the grain aphid 
(Sitobion avenae) is one of the key pests of this crop. Natural enemies could help suppress grain 
aphid and reduce unnecessary insecticide inputs, but few studies have estimated the economic 
value of natural pest control in this crop-pest system, which could help inform effective integrated 
pest management strategies. Based on a natural enemy exclusion experiment carried out in South 
East England, this study used an economic surplus model to estimate the value of predators and 
parasitoids to control summer grain aphid in wheat in this region. Incorporating three levels of spray 
intensity and three levels of pest infestation, the annual economic value of natural pest control 
service was conservatively estimated to be £0-2.3 Million. Under the medium pest infestation level, 
a 10% increase in the proportion of wheat fields using economic threshold-based spray method 
would increase this value by 23% (£0.4 Million). 71% of the value would benefit wheat growers. A 
potential rise in insecticide costs due to resistance development would also enhance the value of 
natural pest control. These findings support growing efforts from policy-makers to promote this 
ecosystem service in agriculture. 
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1. Introduction 
Wheat (Triticum spp.) is the most widely cultivated crop in the UK, with ~2 million ha planted 
annually from 2010 to 2014, representing 42% of the total national arable cropping area and 
generating £2 billion in sales annually (DEFRA, 2015a, 2014). The grain aphid, Sitobion avenae 
Fabricius (Hemiptera: Aphididae), is one of the main insect pests in UK wheat production (Foster et 
al., 2014), acting as a potential vector of the barley yellow dwarf virus to the young seedlings sown 
during the autumn period and causing direct feeding damage through leaves and ears in the summer 
(Dewar et al., 2016). Indirect crop damage caused by the summer grain aphid is the secretion of 
honeydew during feeding, which provides a medium for sooty moulds that reduce the 
photosynthetic rate (Larsson, 2005). 
The dominant insecticides applied in wheat to control summer grain aphid are pyrethroid sprays. 
From 2010 to 2014, an average of 1.6 million ha of UK wheat was treated with pyrethroids annually, 
representing 92% of total insecticidal spray area for this crop (Garthwaite et al. 2010, 2012, 2014). 
However, since 2011, pyrethroid resistance has developed in the UK grain aphid (AHDB, 2015; Foster 
et al., 2014). An alternative spray for aphid control has been pirimicarb (1.5% of total insecticidal 
spray area for wheat) (Garthwaite et al. 2010, 2012, 2014), however, its authorisations are set to 
end in July 2017 (AHDB, 2016a; Dewar et al., 2016). These factors have caused concerns for the 
future of effective grain aphid control in UK wheat.  
An alternative control mechanism for grain aphid infestation is provided by natural enemies present 
in the wheat fields, including predators (e.g., Carabidae), parasitoids (e.g., Aphidiinae), and 
pathogens (e.g., Entomophthorales). Many studies have demonstrated their importance for 
suppressing grain aphid damage in wheat production (Plantegenest et al., 2001; Safarzoda et al., 
2014; Schmidt et al., 2003; Thies et al., 2011). Beyond direct pest control, the contributions of 
natural pest control include: reducing the rate of development of insecticide resistance in pests 
(Lefebvre et al., 2015; Liu et al., 2014), providing consumers with potentially healthier food 
containing fewer chemical residues (Baker et al., 2002; Florax et al., 2005), and reducing negative 
effects of insecticides on other ecosystem services (e.g., pollination, see Potts et al. 2016).   
The effectiveness of natural pest control is influenced by various factors: farm management 
(Holland, 2004), landscape structure (Martin et al., 2013), weather and climate change (Ewald et al., 
2015), etc. Foremost, numerous studies have demonstrated that insecticides negatively affect the 
development and pest control abilities of natural enemies in croplands by killing or weakening non-
target species (Geiger et al., 2010; Roubos et al., 2014). Indeed, there have been policy and research 
interests in encouraging a reduction in the intensity of insecticide application, particularly by using 
the economic threshold method pioneered by Stern et al., (1959). This method encourages farmers 
to use insecticides as a complement to natural pest control, treating crops only when it is necessary 
to prevent an increasing pest density from reaching the economic injury level (EIL), where the cost of 
control equals the perceived value of crop damage (Pedigo et al., 1986; Stern et al., 1959).  
By monitoring grain aphid densities in summer and comparing the subsequent yield responses in 49 
wheat fields across England and Wales, George and Gair (1979) advised that the economic threshold 
for UK grain aphid in summer is five aphids/tiller. This threshold level was further validated by 
Oakley and Walters (1994), and is now recommended for UK wheat growers to follow when treating 
summer grain aphid infestations (Dewar et al., 2016; Ramsden et al., 2017). However, there remains 
little information on the extent of benefits that this method can have in enhancing natural pest 
control service for UK wheat production. 
Estimating the economic benefits of an ecosystem service has been suggested as a method to 
quantify its contribution to human welfare, encourage farmers to implement a more sustainable 
pest management approach, and guide policy makers in supporting relevant conservation programs 
(Braat and de Groot, 2012; Schaefer et al., 2015). Some attempts have been made to estimate the 
monetary values of natural pest control service (see Table 1 in Naranjo et al. 2015 as a summary). It 
is difficult to compare the values among economic studies, because of the often significant 
differences in study locations, trophic relationships, input costs, data used, and modelling 
techniques. However, few evaluations have been conducted on the wheat-grain aphid system 
(Porter et al., 2009), and to our knowledge, none on any crop-pest system within the UK context. 
By expanding upon the economic surplus model developed by Letourneau et al. (2015), this study 
estimates the economic value of natural pest control of the summer grain aphid damage in UK 
wheat, while accounting for the influence of different intensities of insecticide input and levels of 
pest infestation. In particular, the potential contribution of the economic threshold-based method 
towards the value of natural pest control is analysed. By conducting a set of sensitivity analyses, this 
study also quantifies the potential variation in the value from the uncertainties in the price 
elasticities of supply and demand, and the insecticide input costs. This study focuses on the summer 
grain aphid control by the related predators and parasitoids in the South East England. However, the 
model could potentially be used for other regions and crop-pest systems. 
2. Materials and Methods 
2.1 Overview of economic surplus method  
The economic surplus method is commonly used in economics to estimate the change in benefits 
and costs brought by a change in technology in a market setting (Alston et al., 1998). It is measured 
as the sum of consumer surplus (ΔCS, benefits that consumers would receive when the market price 
that they pay for a product is lower than the highest price they are willing to pay) and producer 
surplus (ΔPS, benefits that producers receive when they sell a product at a higher price than the cost 
of producing it). Assume Fig. 1 represents the wheat market in South East England. The demand 
curve (Demand) denotes the relationship between wheat price and quantity that consumers are 
willing and able to purchase. The supply curve (Supply 1) is the relationship between product price 
and quantity that farmers are willing to produce. The intercept between the two curves represents 
an equilibrium point where the market price is set (P0), with related wheat quantities produced (Q0). 
Consumer surplus is represented by the area (A+B+C), and producer surplus (D+E). 
Hypothetically, if there is an absence of natural enemies of the summer grain aphid in the wheat 
fields in South East England (i.e., natural pest control is at the minimum level), crop damage from 
grain aphid would be likely to occur (Östman et al., 2003), resulting in lower yields or increased 
insecticide input. Either of these two changes would increase the incremental cost of crop 
production, leading to a leftward shift of the supply curve (Supply 2), and a higher market price (P1). 
Thus the economic surplus will fall (A+B+D) and the difference in economic surplus with and without 
natural pest control can be identified (C+E), capturing the value of this ecosystem service (Alston et 
al., 1998; Letourneau et al., 2015).  
 
Fig 1. Framework of wheat market in South East England and the related measurement of economic surplus 
 
2.2 Insecticide intensity and pest infestation levels 
This study incorporated three levels of insecticidal application intensity of foliar sprays in the model: 
i) no-spray, where no foliar sprays are used to control grain aphid in the summer; ii) economic 
threshold-based spray (ET), where insecticides are applied according to the economic threshold of  
grain aphid (five aphids/tiller) in the fields  (George and Gair, 1979; Oakley and Walters, 1994); and, 
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iii) preventive spray, where foliar sprays are always applied in the summer to prevent crop damage 
from grain aphid.  
It is assumed that ET and preventive sprays can successfully control grain aphid damage to the 
extent that yield will not be influenced (Letourneau et al., 2015; Song and Swinton, 2009). Thus, an 
absence of natural enemies could result in a yield reduction in no-spray fields, and insecticide 
increase in ET fields, but would not influence preventive spray fields. The potential influence on the 
supply shift (From Supply 1 to Supply 2 in Fig. 1, denoted as K) by exclusion of natural pest control in 
the wheat fields can therefore be derived as follows (Eq. 1). It is estimated as a weighted average 
influence from the potential yield reduction in the no-spray fields, and insecticide increase in the ET 
fields. For a detailed model refer to Letourneau et al., 2015 (p217, Eq. 3). 
𝐾 = 𝜎𝑛𝑜−𝑠𝑝𝑟𝑎𝑦𝐼𝑛𝑜−𝑠𝑝𝑟𝑎𝑦 + 𝜎𝐸𝑇𝐼𝐸𝑇  (Eq. 1) 
where K denotes the supply shift parameter,  σno-spray and σET denote the percentage of wheat fields 
that use no-spray and ET methods respectively, and Ino-spray and IET denote the influence on the supply 
shift by an exclusion of natural pest control in the no-spray and ET fields respectively. 
The influence on the supply shift also depends upon the level of pest infestation in the fields, which 
will fluctuate naturally. Therefore, expanding upon Letourneau et al. (2015), three pest infestation 
levels were used to capture this uncertainty (Fig. 2):  
1. Low infestation level: under this level, grain aphid density would be lower than the economic 
threshold (five aphids/tiller) even with an absence of natural enemies in the fields. Thus, no 
subsequent yield reduction would occur in the no-spray fields, and no related increase of insecticidal 
sprays would be needed for ET fields. In this case K=0.  
2. Medium infestation level: under this level, grain aphid density would be lower than the economic 
threshold if natural enemies are present in the fields, but would be higher if natural enemies are 
absent. Thus, without natural enemies, related yield reduction would occur in the no-spray fields, 
and insecticide costs would be increased in ET fields. In this case K=σno-sprayIno-spray+σETIET. 
3. High infestation level: under this level, grain aphid density would exceed the economic threshold 
even with natural enemies in the fields. However, compared with the no-spray fields where natural 
enemies are present, those without such pest control mechanism would harvest less wheat. As for 
the potential insecticide input change in the ET fields, because the average annual number of 
insecticidal spray rounds applied to UK wheat (2010 to 2014) was one (Garthwaite et al. 2010, 2012, 
2014), we assumed that when aphid density exceeds the economic threshold, one spray round at 
the recommended dose would be sufficient to control the pest. Thus, under this level, insecticide 
input would remain the same (one spray round) regardless of the level of natural pest control in the 
wheat fields. K=σno-sprayIno-spray. 
 
Fig 2. Conceptual model of (I) peak grain aphid densities (aphids/tiller), (II) the related levels of crop yields in 
the no-spray wheat fields, and (III) the related levels of insecticidal spray inputs in the economic threshold-
based (ET) wheat fields, under the (L) low, (M) medium, and (H) high pest infestation levels in South East 
England. Colour green and red denote the presence and absence of related natural enemies respectively. In 
the column I: the dotted line denotes the action threshold of grain aphid control; the coloured solid lines 
denote the amount of peak grain aphid densities; the distance between the green and red lines represents the 
difference of the peak grain aphid densities with and without natural pest control in the wheat fields. In the 
columns II and III, the amount of wheat grain and spray symbols represent a rough measure of the level of 
(I) Peak grain aphid densities 
(aphids/tiller) 
(L) 
(M) 
(H) 
(II) No-spray fields (III) ET fields 
crop yields and spray inputs respectively. In column III, the black cross symbol denotes that no spray is 
required. 
 
Economic surplus (ΔES) is estimated as follows (Eq. 2-5) (Letourneau et al., 2015): 
𝑍 = 𝐾𝜀/(𝜀 + 𝜂) (Eq. 2) 
∆𝐶𝑆 = 𝑍𝑄0𝑃0(1 + 0.5𝑍𝜂) (Eq. 3) 
∆𝑃𝑆 = 𝑄0𝑃0(𝐾 − 𝑍)(1 + 0.5𝑍𝜂)  (Eq. 4) 
∆𝐸𝑆 = ∆𝐶𝑆 + ∆𝑃𝑆 (Eq. 5) 
where η denotes the absolute value of the price elasticity of demand for wheat in the South East 
England, and ε the price elasticity of supply. ΔCS consumer surplus, and ΔPS producer surplus. The 
price elasticity of demand is a measure of the responsiveness of the quantity demanded by 
consumers of that good to changes in its price. It is defined as the percentage change in quantity 
demanded that results from a one percent change in the price. The demand for a good is elastic 
relative to the price if the absolute value of demand elasticity is greater than one, and inelastic if less 
than one. The price elasticity of supply is the analogous measure on the producers’ side. 
 
2.3 Modelling of Ino-spray 
Data for the analyses of yield response changes with and without natural enemies in no-spray fields 
(Ino-spray in Eq. 1) was derived from a field experiment conducted as part of the European Union (EU) 
funded LIBERATION (Linking farmland biodiversity to ecosystem services for effective eco-functional 
intensification, www.fp7liberation.eu) project. 16 winter wheat fields (minimum distance of 1 km 
apart) were selected in Oxfordshire and Berkshire, in South East England. Fields were conventionally 
managed, of varying size, and were selected along a geographical and local landscape context 
gradient so they captured the variability found in arable fields in this region. At the edge of each field 
site, an experimental treatment plot of 15 × 14 m was established.  All plots were managed 
conventionally with application of plant protection products as normal except that they received no 
foliar application of insecticide.  
Levels of aphid control by natural enemies in each of the plots were measured using cage 
experiments, using a methodology adapted from Rusch et al. (2013).  At around GS50 BBCH, 
approximately 50-100 grain aphids were introduced to two experimental areas within each plot.  The 
aphid population was left to establish for 10 days before one was randomly selected for an open 
treatment and one had a field cage placed over the aphid population to exclude both aerial and 
ground dwelling natural enemies. Cages with 5 × 5 mm plastic mesh net (30 cm diameter and 100 cm 
high) and a solid metal cylinder base were dug 10 cm into the soil to prevent ground-dwelling 
predators from entering the cages. To prevent flying predators, cages were sprayed with sticky glue.  
An initial count of aphids in the open and caged area was made at cage establishment. After 5 days 
the plots were again visited and a second aphid count was carried out.   
Expected wheat yield loss response due to summer grain aphid damage (feeding and honeydew) was 
taken from a study involving 161 field experiments with randomized complete block designs across 
South Sweden (Larsson, 2005): 
𝑌 = 4.5 𝑙𝑛(𝐴) − 5.5 (𝑅2 = 0.97)  (Eq. 6) 
where A is the number of peak grain aphids per tiller, and Y is the percentage yield loss (%) due to 
aphid damage in winter wheat. Based on Eq. 6, the economic injury level (EIL) of grain aphid in South 
East England is 4.6 aphids/tiller (taking into account the average wheat yield, perceived yield loss, 
wheat price, and insecticide input cost; Table 2.1 and 2.2), which rounds up to five aphids/ tiller, the 
same as the economic threshold. Because of the quick knockdown effects of pyrethroids (Briggs et 
al., 1974; Elliott et al., 1978), we assume that when grain aphid reaches the threshold level, 
pyrethroid sprays would immediately take effects to prevent subsequent yield loss from this pest. 
To use Eq. 6 to estimate the relative yield response with and without the contribution of natural 
enemies in the fields (Ino-spray in Eq. 1), the relationship between the peak aphid densities with and 
without natural enemies was needed. Data collected from the cage experiments were used to 
estimate this relationship. It was assumed that the relationship at the second aphid count in the 
cage experiments represented the situation at the peak aphid dates. It was also assumed that this 
experiment represents a normal level of natural pest control in South East England, and that pest 
densities can always be reduced by natural enemies: 
𝐴𝑤𝑖𝑡ℎ𝑜𝑢𝑡 = 1.96𝐴𝑤𝑖𝑡ℎ + 1.65 (𝑅
2 = 0.58)  (Eq. 7) 
where Awith denotes the peak aphid density (aphids/tiller) with natural enemies in the fields, Awithout 
denotes the peak aphid density without natural enemies. 
From Eq. 6 and Eq. 7, the estimated peak aphid densities (A) and percentage yield loss (Y) in relation 
to a change in natural enemies were displayed (Table 1). It showed that with a normal level of 
natural pest control in the wheat fields: low pest infestation level is when the peak aphid/tiller is 
zero or one, medium level is when peak aphid/tiller reached two to four, and high level is when peak 
aphid/tiller is five or higher. Because grain aphid density in England normally lies below five (Dewar 
et al., 2016; Holland and Oakley, 2007), we only included five and six aphids/tiller in the high 
infestation scenario. 
 
 
 
 
Peak grain aphid densities 
(number/tiller) 
Percentage yield losses (%) 
Without NE1 With NE Without NE With NE 
2 0 0 0 
4 1 0 0 
6 2 2 0 
8 3 4 0 
9 4 5 02 
11 5 6 2 
13 6 6 3 
Table 1. Estimated peak aphid densities and yield reductions in relation to a change in natural enemies in 
the wheat fields in South East England. 
Note: 1. NE = natural enemies; 2. this value amounts to <1% so is treated as no damage. 
 
2.4 Derivation of indicator values 
For each pest infestation level, we estimated an average annual economic surplus value of natural 
pest control of the summer grain aphid in South East England for the years 2010 to 2014 using a 
number of indictors (see Table 2). Wheat crop prices (£/ha) were inflated according to the Consumer 
Price Index (CPI), taking 2014 as a base year (ONS, 2016). For the related insecticide increase (IET in 
Eq. 1), data from Nix (2010-2014) and ABC (2010-2014) were combined to take into account price 
changes in chemical, labour, machinery and fuel costs. To estimate the proportion of no-spray wheat 
fields in South East England (σno-spray in Eq. 1), the average percentage of organic wheat fields in 
England for the past five years (2010 to 2014) was used as an estimation (DEFRA, 2016a). To 
estimate the proportion of ET fields (σET in Eq. 1), we assumed that the average percentage of wheat 
fields without insecticide sprays from 2010 to 2014 represented the sum of no-spray and ET fields, 
thus achieving estimates for the proportion of ET fields (Garthwaite et al. 2010, 2012, 2014). 
Because little regional or national price elasticity (ε and η in Eq. 2) information was available for UK 
wheat production, estimations for the EU15 (the 15 member countries, including UK, in the 
European Union prior to the accession of ten candidate countries on 1 May 2004) were used (FAPRI, 
2016; Haile et al., 2015).  
 
Region: South East England 2010 2011 2012 2013 2014 
Wheat areas (1000 ha)1 240 243 248 197 237 
Wheat yields (t/ha)1 8 8 7 7 9 
Wheat quantities (Million t)1 1.9 2.0 1.7 1.4 2.1 
Wheat prices (£/t)2 169 173 209 164 133 
Insecticide input (£/ha)3 20 21 16 16 18 
Proportion of no-spray fields (%)4 0.8 0.8 0.8 0.8 0.8 
Proportion of ET fields (%)5 37 37 37 37 37 
Absolute value of demand elasticity6 0.3 0.3 0.3 0.3 0.3 
Supply elasticity6 0.12 0.12 0.12 0.12 0.12 
Table 2. Indicators of economic surplus model 
Note: 1. From DEFRA (2015b); 2. Average ex-farm prices between milling and feeding wheat in the South East 
England (AHDB, 2016b), inflated using 2014 as base year (ONS, 2016); 3. Estimated from Nix (2010-2014) and 
ABC (2010-2014), inflated using 2014 as base year (ONS, 2016); 4. Estimated from DEFRA (2016d); 5. Estimated 
from Garthwaite et al. (2010, 2012, 2014), and ET = economic threshold-based spray; 6. Estimated from Haile 
et al. (2015) and FAPRI (2016). 
 
3. Results 
The annual average economic benefits provided by the natural pest control of summer grain aphid in 
wheat in South East England (2010-2014, with 2014 as base year) were: £0 under the low pest 
infestation level, £2.3 Million (standard deviation £0.4 Million) under the medium level, and £0.8 
Million (standard deviation £0.1 Million) under the high level (Fig. 3). 
  
Fig 3. Economic surplus values of natural pest control for summer grain aphid in wheat in South East England. 
The blue bars denote average economic surplus (Million £) from 2010 to 2014 (2014 as base year), and the 
error bars denote related standard deviations. For each bar, the section above the horizontal line denotes 
consumer surplus (ΔCS), and below producer surplus (ΔPS). There were no values for the low infestation level 
(where pest densities were 0-1 aphids/tiller). 
 
Focusing on the medium pest infestation level and keeping the proportion of no-spray fields 
constant (0.8%), with a 10% increase in the proportion of ET fields in South East England (σET in Eq. 
1), the economic surplus value of natural pest control (ΔES) would increase by ~£0.4 Million (average 
annual value of the peak aphid densities of 2-4 aphids/tiller from 2010 to 2014, with base year 2014) 
in the region. This equates to an average value increase of 23.4% (standard deviation 15.6%) (Fig. 4). 
This shows that using the ET strategy to control summer grain aphid can positively contribute to the 
economic benefits provided by natural enemies.  
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 Fig 4. Economic surplus values of natural pest control of summer grain aphid in wheat in South East England 
with a change in the proportion of economic threshold-based (ET) fields while keeping other indicators 
constant, under the medium pest infestation level. The blue dots denote average values (Million £) of peak 
aphid densities of 2-4 aphids/tiller, from 2010 to 2014 (2014 as base year), and the error bars denote related 
standard deviations. 
 
The share of benefits that producers (i.e., wheat farmers) would achieve from natural pest control 
service in their fields is an important consideration in encouraging them to adopt the ET method 
(Östman et al., 2003). This could be reflected in the proportion of producer surplus (%PS), which is 
determined by the price elasticities of supply and demand (ε and η respectively):  
%𝑃𝑆 =
∆𝑃𝑆
∆𝐸𝑆
=
η
ε+η
  (Eq. 7) 
As for consumers (i.e., wheat processing companies that purchase wheat from farmers), because the 
proportion of surplus they would achieve from natural pest control service is determined by price 
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elasticities (1-%PS; Eq. 7), their benefits would be enhanced with the increasing percentage of ET 
wheat fields in South East England (Fig. 3 & 4). Thus consumers would generally benefit from 
farmers adopting the ET strategy in the fields, unless their share of benefits becomes close to zero 
(when the absolute value of demand elasticity is close to infinite, i.e., perfect elastic; or supply 
elasticity is close to zero, perfect inelastic). 
Because little information is available on the wheat price elasticities of supply or demand within the 
UK context, their variations can potentially influence the economic surplus and proportion of 
producer surplus. Under the ET method, variation in the insecticide input costs (reflected in the IET in 
Eq. 1) could also influence these values. Thus, for the above mentioned indicators, we conducted a 
set of sensitivity analyses to compare their influence on the outputs, by decreasing and increasing 
their current values (see Table 2) by 10% respectively, while keeping other indicators constant (Table 
3).  
ε η ΔES (Million £) %PS (%) 
-10% -- 2.4 (0.4) 73.5 
0.12 0.3 2.3 (0.4) 71.4 
+10% -- 2.2 (0.4) 69.4 
-- -10% 2.3 (0.4) 69.2 
0.12 0.3 2.3 (0.4) 71.4 
-- +10% 2.3 (0.4) 73.3 
Insecticide input (£/ha) ΔES (Million £) %PS (%) 
-10% 2.1 (0.4) 71.4 
Baseline 2.3 (0.4) 71.4 
+10% 2.5 (0.4) 71.4 
Table 3. Sensitivity analyses of the influence of the price elasticity of supply (ε), absolute value of price 
elasticity of demand (η), and insecticide costs on the economic surplus (ΔES) and proportion of producer 
surplus (%PS). 
Note: ΔES is the average economic surplus value of peak grain aphid densities of 2-4 aphids/tiller, from 2010 to 
2014 (2014 as base year), and the numbers in the brackets denote related standard deviations; for insecticide 
input, ‘Baseline’ denotes the respective values from Table 2. 
 
Keeping other indicators constant, with a 10% increase in the supply elasticity (from 0.11 to 0.12, 
and from 0.12 to 0.13), the economic surplus value of natural pest control of summer grain aphid in 
wheat in South East England would decrease by an average of 4% (from £2.4 to 2.3 Million, and from 
£2.3 to 2.2 Million). The proportion of producer surplus would decrease by 3%. On the other hand, a 
10% increase in the absolute value of demand elasticity (from 0.27 to 0.3, and from 0.3 to 0.33) has 
little influence on the economic surplus, but it would increase the benefit share to producers by 3%. 
A 10% increase in the insecticide costs would not influence the proportion of producer surplus, but it 
would increase the total surplus value by 9%. 
4. Discussion 
By using an economic surplus approach, this study estimated the annual value of natural pest 
control of the summer grain aphid in wheat in South East England to be £0-2.3 Million, depending on 
the levels of pest infestation (base year 2014). To our knowledge, this is one of the first attempts to 
conduct economic evaluation on this ecosystem service within a UK context (Naranjo et al., 2015). It 
is also among the first studies to estimate the economic contribution of natural pest control on 
wheat, one of the most widely grown crops in the UK and many other countries (Sandhu et al., 
2015). This research only focused on the control of summer grain aphid damage by natural enemies 
present in the wheat fields. However, the same natural enemies could potentially provide further 
crop protection by consuming other related pests (e.g., rose – grain aphid, Metopolophium 
dirhodum) (Dewar et al., 2016; Holland and Oakley, 2007). Thus the economic benefits provided by 
these natural enemies could potentially by higher. 
The lowered monetary value of natural pest control under high pest densities reflected that the 
economic contribution of this ecosystem service could be limited by the level of pest infestation (Fig. 
3). This resulted because, under the high pest infestation level, natural enemies would not be 
capable of maintaining grain aphid populations below the economic threshold (Fig. 2; Collins et al. 
2002; Kobayashi et al. 2011; Gupta et al. 2012). Following a similar hypothesis, Zhang & Swinton 
(2012) also estimated that the economic value of natural enemies to control the soybean aphid, 
Aphis glycines Matsumura, in five Midwestern US states would be lower in years with greater pest 
densities. This model assumed a linear relationship between the peak grain aphid densities with 
natural enemies in the wheat fields and those without (Eq. 7). However, higher pest densities could 
potentially increase the probabilities of natural enemies encountering their prey, thus increase the 
efficacy of natural pest control. Indeed, by conducting field cage experiments, Safarzoda et al. (2014) 
found that grain aphid in the closed plots (i.e., excluding natural enemies) reached 1-5 aphids/tiller, 
while in the open plots they remained <=0.03 aphids/tiller (as compared to Table 1). Thus our study 
could have adopted a conservative estimate of the crop protection ability of natural enemies, hence 
a conservative economic surplus value of this ecosystem service. 
Under the current UK situation, it could be expected that low and medium grain aphid infestation 
levels are more common than high level (Dewar et al., 2016; Holland and Oakley, 2007). However, 
future climate change may increase the inter-annual variation in grain aphid abundance and its 
related natural enemies, and the predator-prey relationships. Increasing average temperature could 
have a positive effect on the population growth of grain aphid (Ciss et al., 2014); however, it may 
also increase the predation rate by related natural enemies (Khan et al., 2016; Sentis et al., 2012). 
On the other hand, higher precipitation/temperature seasonality may inhibit aphid activities and 
facilitate natural pest control in the fields (Diehl et al., 2013). 
This study illustrated that using an action-threshold (ET) spraying strategy to control grain aphid 
could enhance the economic benefits provided by natural enemies in wheat fields, which is one of 
the main aims of integrated pest management (IPM) promoted by the Food and Agriculture 
Organization of the United Nations (FAO, 2017). The model assumed a near-linear relationship 
between the proportion of ET wheat fields and value of natural enemies (Fig. 4). However, in a real 
situation, the increase in the ET fields could potentially enhance the efficiency of natural pest 
control, due to the reduced disturbance from insecticides in neighbouring fields (Dasgupta et al., 
2007; Furlong et al., 2004). Thus the contribution of the ET method towards the value of natural pest 
control could potentially be higher. 
Little data is available on the adoption rate of ET method for a certain crop-pest system (but see 
Song & Swinton 2009). The LEAF (Linking Environment and Farming) Marque is an environmental 
assurance system recognising sustainably farmed produce, where the certified farm businesses are 
required to follow a set of nine management principles, including IPM (LEAF, 2016). Similar to 2013, 
~5% wheat fields in UK were managed by this system in 2014 (LEAF, 2015). However, from 2013 to 
2014, a 10% increase has been achieved for the total UK croplands grown by these businesses. It is 
thus reasonable to assume that the proportion of wheat fields using ET strategy to control summer 
grain aphid has grown beyond 5% in the UK, and that it has potential to increase. 
Under the ET method, the contribution of natural pest control service is also reflected by the related 
reduction of insecticide input. If insecticide costs become more expensive to control the same level 
of pest infestation, the economic value of this ecosystem service will increase accordingly (Table 3). 
Increasing insecticide costs are possible due to the development of insecticide resistance in grain 
aphid in the UK (Foster et al., 2014), which might require additional spray rounds or higher 
application rates in the future (Dewar, 2014; Wilson and Tisdell, 2001). This may lead to further 
increase in the input costs because of the ‘pesticide treadmill’ (Nicholls and Altieri, 1997). It has 
been estimated that at least 10% of pesticides in the US were applied to deal with increasing 
resistance problems (Pimentel, 2005). Rising chemical costs and the resulting increase in the 
economic value of natural enemies could justify the growing efforts worldwide to encourage IPM 
(Böcker and Finger, 2016; Jones et al., 2016; Rasche et al., 2016).  
The estimated insecticide costs in this study were a broad estimation (Table 2) and are considered to 
be conservative. This is because the potential side effects of insecticides toward health, non-target 
species, and the wider environment have not been fully taken into account (Zhang et al., 2017). For 
example, due to surface runoff and drift, pyrethroids widely exist in water and especially sediment 
(due to high hydrophobicity), posing significant risks to water column species and benthic 
invertebrates (Li et al., 2017; Stehle and Schulz, 2015). Indeed, Pimentel (2005) estimated that the 
total externality costs from pesticides was similar to the investment in pesticide control in the US 
(about $10 billion annually). Thus, if the externality costs of applying pyrethroids to control grain 
aphid in the study region were considered in the analyses, the economic benefits of natural pest 
control would have been higher.  
Because the price elasticities of supply and demand for wheat could also influence the amount and 
distribution of economic benefits provided by natural pest control (Table 3; Alston et al. 1998), they 
should be properly measured for effective decision-making process (Griffith et al., 2001). However, 
there is little information about these indicators for the UK and its regional markets. 
The price elasticity of supply in this study was assumed to be inelastic (Table 2), which was also 
reflected in previous research (Griffith et al., 2001; Zhuang and Abbott, 2007). As wheat is the most 
widely grown arable crop in South East England (0.2 million ha, 20.4% of total farmed area in this 
region, average from 2010 to 2014) (DEFRA, 2016b, 2016c), farmers would have limited land to 
increase the percentage of production if wheat price increases (Jansson and Heckelei, 2011). Thus, it 
is reasonable to assume that supply elasticity in this region is inelastic. As for the price elasticity of 
demand, because the economic surplus model used in the study follows a closed economy approach 
and wheat is a staple food, it is also reasonable to assume that consumers’ demand is relatively 
unresponsive to the change in price (Alston et al., 1998; Angus et al., 2009). 
However, in reality, wheat is an internationally traded good. Because UK contributes less than 2% of 
the total export wheat in the world (Workman, 2017), the wheat market in South East England 
probably will not influence the international wheat price significantly. Thus, an alternative 
assumption is a small open economy (Alston et al. 1998, p227). The alternative model is obtained 
essentially by taking the limit of Eq. 4 as η reaches infinity (i.e., perfect elastic). Thus, according to 
the sensitivity analyses (Table 3), the alternative model would result in similar ΔES, but all the 
benefits from natural pest control service would go to wheat farmers.  
By using an economic surplus approach, this study not only estimated the economic contribution of 
natural enemies to wheat protection, but also indicates that there is a financial incentive for farmers 
to use the economic threshold strategy for pest management.  However, this factor alone may not 
be enough to persuade more farmers to adopt this method. Indeed, farmers’ decisions on pest 
control are influenced by a set of complex factors: e.g., complexity of the related techniques (Shojaei 
et al., 2013), farmers’ perception of risk (Milne et al., 2016; Park et al., 1997), and their 
environmental awareness (Lefebvre et al., 2015). In order to secure wider adoption of IPM in 
agricultural production, more studies need to be conducted on farmers’ incentives to use these 
techniques in their fields (Lefebvre et al., 2015). Also, this study only incorporated one aspect of IPM 
in the evaluation process (i.e., economic threshold). To provide a more comprehensive analysis of 
the contribution of IPM towards the enhancement of natural pest control service in the croplands, 
future research should be done to incorporate other related techniques (e.g., providing semi-natural 
habitats for natural enemies, such as beetle banks). This would require the researchers to measure 
the monetary inputs and outputs in the field experiments, an area where little data exists 
(Letourneau et al., 2015). 
 
5. Conclusion 
With an ecological-economic model, this study assigned monetary values of natural pest control of 
the summer grain aphid in wheat in South East England. It addressed the limits of natural pest 
control under the high pest infestation level, and positive contribution of using economic threshold-
based spraying method on the values of this ecosystem service. Because of the development of 
insecticide resistance in UK grain aphid, the potential subsequent increase in insecticide application 
costs would increase the economic value of natural pest control, and thus the justification of 
promoting natural enemies in the fields. The price elasticities of supply and demand for wheat could 
also influence the amount and distribution of the benefits brought by this ecosystem service. Due to 
various assumptions used in the model, the values derived from this study should be interpreted as 
conservative estimates. Although this study showed that farmers would benefit from incorporating 
natural enemies in their pest management decision-makings, more studies need to be conducted on 
their attitudes and concerns of adopting related conservation techniques in the fields. To have a 
more comprehensive analysis on the economic value of natural pest control or other ecosystem 
services in the agricultural sector, more monetary data should be collected from field studies looking 
at the effectiveness of these measures. 
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